A front phosphorylation assay followed by two-dimensional gel electrophoresis was used to detect proteins in the tadpole optic tectum, the phosphorylation state of which is regulated by NMDA receptor activation. Five proteins with isoelectric points between 4 and 7 displayed marked increases in their phosphorylation state in response to application of 10 FM glutamate and 50 PM NMDA. This response was inhibited by 60 PM 2-aminoSphosphopentanoic acid. These proteins are termed NMDA receptor activation-responsive phosphoproteins (NARPPs). Two NARPPs were identified as both in vitro and in vivo substrates for protein kinase C. Of these two NARPPs, one was located in the postsynaptic density (NARPP-50), and one was located in the nuclear fraction (NARPP-21). Phosphorylation of was also induced by application of the metabotropic glutamate receptor agonist trans-(?)-I -amino-l ,3-cyclopentanedicarboxylic acid (trans-ACPD) (100 PM). Phosphorylation of all NARPPs was eliminated by dantrolene, which inhibits release of calcium from intracellular stores. In adult tecta, only NARPP-21 and -50 were phosphorylated by 10 PM glutamate and 50 PM NMDA, and application of 10 PM glutamate alone was sufficient to induce NARPP-21 phosphorylation. Thus the phosphorylation state of most NARPPs is regulated differently when synaptic plasticity is low. Further characterization of NARPPs should lead to identification of second messenger systems involved in NMDA receptor signaling and developmental synaptic plasticity. Key words: synaptic plasticity; visual system; glutamate receptor; second messenger: Rana pipiens; protein phosphotylation
The NMDA subtype of glutamate receptor has been implicated in several forms of synaptic plasticity, some of which involve structural rearrangements in synaptic connections (Constantine-Paton, 1990; Constantine-Paton et al., 1990) . The signal transduction events linking NMDA receptor activation to structural rearrangements are not well understood, but external signals often regulate protein function via phosphorylation, a component of many second messenger systems frequently implicated in neural plasticity. Structural plasticity is both prominent and dependent on NMDA receptor activation in the developing tadpole retinotectal projection (Cline et al., 1990) . We have used this system to examine the effects of NMDA receptor stimulation on protein phosphorylation.
A fundamental characteristic of the vertebrate visual system is the topographic projection from the retina to its target structures (Udin and Fawcett, 1988) . After retinal axons reach their target regions during development, an activity-dependent mechanism refines the projection to the precise point-to-point representation of the visual world that is typical of the mature pathway. This refinement is believed to occur through the temporal summation of synaptic potentials generated in a common target neuron by synapses from neighboring retinal ganglion cells with correlated firing patterns (Mastronarde, 1983a,b) . This summation should remove the voltage-dependent Mgzf block of the NMDA receptor channel (Mayer et al., 1984) . Thus, NMDA receptor activation Rcccived Aug. 3, lYY5; revised Oct. 23, 1995; accepted Nov. 30, 1995. This rcscarch was supported by National lnstitutcs of Health Grant R01 EY-0603Y to M.C.P. and a National Research Service Award to A.J.S. We thank Dr. Eric Nestler and Dr. Mike Browning for their input during the planning and implementation of' this work. We also thank Dr. Sandra Aamodt for careful reading of this manuscript.
Correspondence should be addressed to Dr. A.J. Scheetz, Yale Univcrsily, Department of Biology, Kline Biology Tower, New Haven, CT 06520. Copyright 0 1096 Society for Neuroscience 0270.6474/Y6/161460-10$05.00/0 could bc a key molecular component in the refinement process, signaling to postsynaptic cells the degree of correlated activity they receive and dictating which synapses get stabilized. This idea is supported by the observation that antagonism of NMDA receptors disrupts the retinotopic map (Cline and ConstantinePaton, 1989) and causes desegregation of eye-specific stripes (Cline et al., 1987) 
in tadpoles.
Nothing is known about how NMDA receptor activation can lead to structural synaptic plasticity. Calcium influx through NMDA receptor channels is important for some forms of synaptic plasticity (Kullman et al., 1992; Lynch et al., 1983) , which also involve protein phosphorylation (Aoki and Siekevitz, 1985; Malenka et al., 1986; Malinow et al., 1988) . Also, several calciumdependent kinases are highly enriched in neurons (Nairn et al., 1985; Schulman, 1991) . Thus, one scenario for activity-dependent structural plasticity is that calcium entering through NMDA receptors activates calcium-dependent kinases that phosphorylate a subset of proteins, changing their function and leading to increased stability of coactivated synapses. We have examined this possibility by monitoring the phosphorylation state of tectal proteins after NMDA receptor stimulation. We have detected five proteins that show greatly increased phosphorylation under conditions designed to activate tectal NMDA receptors maximally and relatively selectively. 
MATERIALS AND METHODS

Muteriuls
RESULTS
Conditions for receptor-stimulated tectal phosphotylation Optimal phosphoylation conditions
Conditions for the front phosphorylation assays were established using two measures: the time needed to maximally load intracellular ATP pools with 32P and the maximum amount of time that tecta remained viable in vitro. First, an endogenous CAMPdependent kinase assay was used to monitor incorporation of a2P into endogenous ATP, a procedure referred to here as the labeling assay. Second, because this kinase is involved in many aspects of cellular function (Krebs and Beavo, 1979) we used its activity as a measure of tissue viability by using exogenous [y-a2P]ATP as a source of phosphate for a similar endogenous kinase assay, referred to here as the viability assay.
For the labeling assay, tecta were incubated for various times with ["'Plorthophosphate to label tectal ATP pools, the tissue was homogenized, and endogenous CAMP-dependent kinase activity was then measured without exogenous [Y-~~P]ATP. The radioactivity incorporated under these conditions into exogenously applied histone f,b, a substrate for the CAMP-dependent kinase (Kuo and Greengard, 1970) , should be related to endogenous [y-a2P]ATP levels (Fig. 1) . To exclude potential effects on kinase activity caused by the removal of the tecta, orthophosphate was added at 30 min postexcision, and the first determination (at 45 min) actually represents 1.5 min of loading. There was an initial increase in [y-a2P]ATP levels during the first hour of loading, followed by a plateau that was established at -1.5 hr.
For viability assays, the source of radioactive phosphate was exogenous [Y-~'P]ATP rather than orthophosphate. Homogenized tectal tissue was again the source of CAMP-dependent kinase. After incubation without orthophosphate for varying times, tissue was homogenized,
[Y-~~P]ATP was added, and CAMP-dependent kinase activity was assayed as before. Figure 1 shows that kinase activity increased throughout the postexcision period until it peaked at 2 hr. The rapid decline in activity after 2 hr most likely indicates that the viability of the preparation has deteriorated.
The basis for the steady increase in CAMPdependent kinase activity is unclear. In light of these observations, we decided to do all experiments at 2 hr postexcision, which allowed for 1.5 hr of radioactive labeling in the front phosphorylation assay.
Optimal stimulus and stimulus duration
Initial experiments showed that phosphorylation of many proteins was dependent on the concentration and duration of glutamate stimulation and Mg2+ concentration (data not shown). At high glutamate concentrations, however, we were unable to inhibit this phosphorylation with AP-5, which suggests that strong stimulation with glutamate does not reveal NMDA receptor-specific phosphorylation. We did find that stimulation with low concentrations of glutamate, 10 PM, in the presence of 50 PM NMDA (Glut + NMDA application) resulted in phosphorylation that could be inhibited specifically when 60 FM AP-5 was present 15 min before and during the Glut + NMDA application (n = 4 gels) (see below). To examine the effect of Glut + NMDA application on overall phosphorylation, we loaded tissue for the optimal labeling time and then stimulated tecta for various times from 0 to 2 min and assayed total radioactive protein (Fig. 2) . There was an initial decrease in radioactive protein, which could reflect an increase in phosphatase activity. This decrease in radioactive protein was then followed by an increase and a plateau lasting between 30 set and 1 min from the onset of stimulation. This plateau was then followed by another increase in radioactive protein, which may reflect a use-dependent stimulation of radioactive 32P incorporation into ATP and thus increased availability of [Y-~'P]ATP. On the basis of these observations, we concluded that 30 set was the optimal stimulus duration.
Detection
of NMDA reception activation-responsive phosphoproteins (NARPPs) Stimulation of tecta by Glut + NMDA application resulted in the phosphorylation of five proteins (Fig. 3A) with isoelectric points between 4 and 7. Figure 3B shows that phosphorylation of these proteins could be inhibited by blocking NMDA receptors with a 15 min incubation in 60 FM AP-5 before and during Glut + NMDA application. Application of either 10 PM glutamate alone (Fig. 30) or 50 pM NMDA alone (Fig. 3E) did not produce phosphorylation of these proteins. This spot pattern and intensity was designated basal phosphorylation and was comparable with phosphorylation seen in unstimulated tecta (Fig. 3F) . Stimulation with 10 PM glutamate plus 60 pM AP-5, although slightly increasing the phosphorylation of these proteins over the levels seen with 10 FM glutamate application, produced a more consistent spot pattern than did 10 pM glutamate alone (Fig. 3C) . Therefore, to eliminate any possible variable effect of the low concentration of glutamate used, all measurements were made using 10 FM glutamate plus 60 PM AP-5 (Glut + AP-5) application as control. We termed the five proteins phosphorylated by Glut + NMDA application NARPPs. Four NARPPs focused reliably in 29 separate two-dimensional gels from tecta stimulated with Glut + NMDA. NARPP-90, however, had an isoelectric point at the extreme acid end of the gels and consequently did not focus reliably. We did not examine this protein further for this reason. Because we loaded equal amounts of TCA-precipitatable radioactivity, it was important to determine whether the amount of protein that was loaded varied as a function of treatment. In some experiments, gels were silver-stained after autoradiography, and arbitrary spots were scanned. In general, there was no systematic effect of stimulation condition on the amount of protein present, and this amount did not differ by >lO% between Glut + NMDA application and Glut + AP-5 application (data not shown).
Measurement of radioactive phosphate incorporation into NARPPs demonstrated a robust increase in phosphorylation with Glut + NMDA application compared with Glut + AP-5 application (Table 1) . and -21 incorporated approximately four times more radioactive phosphate with Glut + NMDA application compared with Glut + AP-5 application, whereas Glut + NMDA application caused at least a lo-fold incorporation increase over Glut + AP-5 application for NARPP-50 and -10. This effect was Mg2+ -dependent because if Mg2+ concentrations were elevated lo-fold, NARPP phosphorylation was reduced to background (data not shown) (n = 3 gels).
Subcellular distribution and in vitro phosphotylation of NARPPs
In vitro phosphorylation of tectal proteins revealed that proteins comigrating with NARPP-21 and -50 were substrates for endogenous PKC (Fig. 4A) . The identity of these proteins as NARPP-21 and -50 was verified by mixing samples from front-phosphorylated tecta with NARPPs phosphorylated in tectal homogenates by PKC ( Fig. 5A ) and comparing the spots with spots from nonmixed samples (Fig. 5B) . No NARPP seemed to be an in vitro substrate for the endogenous calcium and CaM-dependent kinase II (Fig.  4B) or CAMP-dependent kinase (data not shown). Attempts at subcellular fractionation after NARPP phosphorylation in excised tecta were unsuccessful even in the presence of various phosphatase inhibitors. This was probably attributable to the transient nature of NARPP phosphorylation, possibly caused by a high level of phosphatase activity induced by NMDA receptor stimulation.
We were able to use the ability to phosphorylate NARPP-21 and -50 by PKC in vitro to study the subcellular location of these two proteins. To identify proteins located in the postsynaptic density, we made synaptosomes from whole tadpole brains and exposed them to exogenous [Y-~'P]ATP in the presence of physiological buffer. By using this approach, we identified a protein comigrating with NARPP50 (Fig. 4C) . A protein comigrating with NARPP-21 was found in the nuclear fraction (Fig. 40) . The identity of the proteins phosphorylated in subcellular fractions was confirmed by comparing the two-dimensional phosphopeptide maps generated from NARPP-21 (Fig. 5C ) and -50 (Fig. 5E ) phosphorylated in whole tectal homogenates with the twodimensional maps from the 21 (Fig. 5D ) and 50 kDa ( Fig. 5F ) proteins phosphorylated in nuclear extracts and synaptosomes, respectively.
Confirmation that both NARPP-21 and -50 were PKC substrates in whole tecta was obtained from experiments in which tecta were stimulated with PMA (100 nM) for 10 min. Many proteins, including NARPP-21 and -50, were phosphorylated by this treatment (Fig. 6A ) (n = 3). Treatment with the 4a isomer, which is inactive in in vitro assays, resulted in appreciable but lower NARPP-21 phosphorylation than with PMA ( Fig. 6B ) (n = 3).
Time course of NARPP phosphorylation
To examine the time course of NARPP phosphorylation, tecta were labeled and Glut + NMDA was applied for times ranging from 10 to 60 sec. The radioactivity incorporated into the spots corresponding to NARPP-21, -45, and -50 was measured and plotted against time (Fig. 7) . The baseline phosphorylation of NARPPs was actually slightly higher than that observed shortly after the onset of stimulation. This decrease was followed by an increase in phosphate incorporation that reached a maximum at 30 set and then decreased to levels below baseline at 1 min. No other proteins became phosphorylated in an NMDA receptorspecific fashion at earlier or later stimulus durations.
A methodological consideration for these experiments is whether changes in the specific activity of the [Y-~'P]ATP in the tissue are being induced by stimulation and whether these changes alone could account for the changes in phosphoproteins that we have detected (Garrison, 1993) . We did not determine [Y-~'P]ATP specific activity directly. Several lines of evidence, however, suggest that changes in the specific activity of [y-a'P]ATP cannot account for the phosphorylation of NARPPs that we have observed. First, all stimulations that compared Glut + NMDA application versus Glut + AP-5 application were performed at 30 set of stimulation, a time when steady-state labeling conditions were achieved (Fig. 2) . Second, although we always loaded equal amounts of radioactive protein rather than equal amounts of total protein onto our gels, samples had to be adjusted by <lo% in volume, and subsequent silver-staining of February 15, 1996, 16(4) F@re 3. NMDA receptor stimulation leads to the phosphorylation of five proteins in the pH 4-7 range. Whole excised tecta were incubated for 30 min in prelabeling solution followed by 1.5 hr of incubation in labeling solution containing l-2 mCi of carrier-free [32P]orthophosphate. Tecta were then stimulated for 30 set with either 10 WM glutamate plus 50 pM NMDA (A) or 10 pM glutamate plus 60 pM AP-5 (C). Gels A and C were run simultaneously and are one pair of the four pairs quantified in Table 1 . They are qualitatively representative of 25 other gel pairs from 8 independent experiments.Arrows indicate the phosphoproteins that are responsive to Glut + NMDA application. The other gels in this figure show qualitative differences. B, A representative autoradiograph from tissue treated with 60 pM AP-5 for 15 min before Glut + NMDA application (n = 4). D, A representative autoradiograph from tissue treated with 10 pm glutamate alone (n = 4). Arrows point to where NARPPs should be seen. E, A representative autoradiograph from tissue treated with 50 pM NMDA alone (n = 3). F, A representative autoradiograph from untreated tissue (n = 7). The second dimension for gels A, B, and C in this figure was 8% acrylamide.
gels indicated that total protein loaded varied by <lo%. This variability was independent of the stimulation condition. Finally, 100 PM glutamate, which resulted in massive phosphorylation, required 5 min of stimulation to run down [Y-~'P]ATP noticeably (data not shown). This suggests that at the levels of phosphorylation examined with Glut + NMDA application, ample radioactive ATP was available for activated kinases.
Other regulation of NARPP phosphorylation
To identify the role that calcium plays in regulating NARPP phosphorylation, dantrolene was used to inhibit the release of intracellular calcium stores (Kojima et al., 1984; Belhage et al., 1992) Excised tadpole tecta were incubated in "'P-ortho-phosphate for 1.5 hr after a 30 min preincubation period. Tecta were then stimulated with either 10 PLM glutamate plus SO FM NMDA or 10 PM glutamate plus 60 p~ Al-5 for 30 sec. Pairs of samples containing equal amounts of TCA-precipitatable radioactivity were separated by two-dimensional electrophoresis. Gels were fixed, dried, and autoradiographed.
Each gel pair was processed in parallel and autoradiographed for exactly the same amount of time. Values given for Glut + NMDA and Glut + Al'-5 are in calibrated optical density units. Data are derived from four gel pairs for each protein. Qualitatively similar results were obtained from 25 other gel pairs derived from 8 separate determinations.
These gel pairs were not included in the quantitative analysis because they were run under slightly different conditions, had unacceptably high background radioactivity, or were not run simultaneously, or one of the gels in a pair ran irregularly, making direct comparison of spots difficult. O.D., Optical density. phorylation (Fig. &4 ). This indicates that NARPP phosphorylation is dependent on calcium derived from intracellular stores. In addition to the effect of dantrolene on NARPP phosphorylation, we examined the role that activation of other glutamate receptors may play in NARPP phosphorylation.
The application of 100 FM t-ACPD resulted in NARPP-21 phosphorylation that in some cases exceeded that produced by Glut + NMDA application (Fig. @I) . Thus, NARPP-21 phosphorylation is associated with both NMDA receptor and metabotropic glutamate receptor stimulation.
NARPP phosphorylation and structural synaptic plasticity
To examine the relationship between NARPP phosphorylation and the structural rearrangement of synapses, experiments were performed using the Glut + NMDA application as above but with tecta obtained from mature frogs. Although there is probably still some ongoing synaptic rearrangement in the tecta of mature animals (Easter et al., 1981) , it is markedly reduced compared with the massive shifts in the projection that occur during larval life (Gaze et al., 1974; Reh and Constantine-Paton, 1984) . Glut + NMDA application to adult tecta resulted in NARPP50 and NARPP-21 phosphorylation (Fig. 9A) . In contrast to tadpole tecta, in mature tecta 10 PM glutamate alone was sufficient to produce significant NARPP-21 phosphorylation (Fig. 9B ) (n = 2 gels).
DISCUSSION
The key to the postulated involvement of the NMDA receptor in synaptic plasticity is its ability to allow calcium to enter the cell when the Mg2+ block of the channel is removed (Mayer et al., 1984) . The events following this calcium flux are poorly understood. This study examined whether activation of NMDA receptors in the developing tadpole tectum results in changes in the phosphorylation state of some proteins. Because there is little data concerning NMDA-stimulated phosphorylation in the tadpole tectum, we selected the front phosphorylation assay, which does not require a priori assumptions about which kinases or which substrates are regulated by NMDA receptor activation. Although application of 50 PM NMDA did not have an appreciable effect on protein phosphorylation, coapplication of NMDA and a low concentration of glutamate (10 PM) caused robust increases in the phosphorylation of five proteins, which we call NARPPs. The requirement for glutamate and NMDA coapplication is unexpected, but at least two explanations are possible. First, activation of another glutamate receptor subtype could trigger a parallel second messenger pathway synergistic with the . 'Com'pari&n between spots comigrating in phosphorylation experiments performed in viva and in vitro were carried out by mixing samples from both assays and comparing the spots with gels from nonmixed samples. The twodimensional gels for this assay were '11 cm wide and separated proteins with isoelectric points between 5.5 and 6.5. A shows the spot pattern observed when a front-phosphorylated tectal sample was spiked with an equal volume of in vitro phosphorylated, PKC-stimulated tectal protein. B shows a gel of an in vitro phosphorylated sample. Both gels were exposed for the same time. The WOWS mark the location of NARPP-50 and -21. Two-dimensional tryptic phosphopeptide mapping of NARPP-21 and -50 was used to compare samples from different in vitro phosphorylation assays. C and D show the phosphopeptide maps generated from NARPP-21 ohosohorvlated in vitro from whole tecta and nuclear extracts, respectively. E and F show the maps generated from NARPP-50 phosphorylated in vitro from whole tecta and in unlysed synaptosomes, respectively. The sharp drop in precipitatable radioactive protein during the first 10 set of stimulation suggests that overall phosphatase activity increases shortly after the onset of Glut + NMDA application. Studies using hippocampal slices demonstrate a similar NMDA application-induced increase in phosphatase activity (Halpain and Greengard, 1990) . Our data for individual NARPPs (Fig. 7) also indicate an initial dephosphorylation followed by increased phosphorylation. This suggests that NMDA receptor stimulation rapidly changes the balance between phosphorylation and dephosphorylation.
There have been numerous attempts to associate particular phosphorylation events with synaptic plasticity. Routtenburg, 1986 ). To our knowledge, this is the first report of NMDA receptor activation regulating phosphorylation of the five proteins we call NARPPs. Other front phosphorylation studies using hippocampal slices (Yip and Kelly, 1989) , cultured hippocampal pyramidal cells (Scholz and Palfrey, 1991) , or cultured cerebellar granule cells (Graham and Burgoyne, 1993) demonstrated that high potassium, glutamate, or prolonged NMDA stimulation lead to selective phosphorylation of several proteins, none of which have the properties of our NARPPs. There are many reasons why our results could differ from previous observations. First, high potassium or glutamate application probably leads to activation of many receptor types, whereas phosphorylation of NARPPs is inhibited by AP-5, indicating that NMDA receptor activation is -116 Figure 6 . Stimulation of PKC in whole tecta leads to NARPP-21 and -50 p<osphorylation. Tecta were loaded with radioactive phosphate as in Figure 3 and stimulated with either 100 nM PMA (n = 3) L4) or 100 nM 4GMA (n = 3) (B). Awows indicate the location df NAgtiP and -50. Note the presence of NARPP-21 in B. Also note the presence of a large number of proteins phosphorylated by PMA treatment but not by Glut + NMDA-treatment (Fig. 3A) .
critical. Second, although the hippocampus clearly is capable of synaptic plasticity (LTP), glutamate stimulation in slices only recently has been shown to induce this plasticity (Cormier et al., 1993) , and the paradigm required to do this is quite different from that used to assay protein phosphorylation. Simple bath application is unlikely to lead to LTP. Third, and perhaps the most important, our experimental system differs in many ways from those used to study LTP. In the developing tectum there is no need to induce synaptic change; it is an ongoing event involving all the retinotectal synapses, which represent the predominant inputs to this region in frogs (Reh and Constantine-Paton, 1984) . Thus, second messenger pathways involved in this plasticity must be functioning continually at a high level. Additionally, changes in synaptic function, probably the primary event in LTP, may be small compared with the NMDA receptor-linked changes in stability of neuronal processes and synaptic connections seen in the tectum. Finally, the whole excised tecta allows examination of short-duration biochemical changes in a preparation, with most of its local and tangential circuitry intact.
One study has used the advantages of the tadpole tectum model of synaptic plasticity outlined above to examine the effects of chronic kinase inhibition on in vivo phosphorylation and ocular dominance stripe desegregation (Cline and Constantine-Paton, 1990) . Chronic treatment with the phorbol ester phorbol 12, 13 dibutyrate, which can downregulate PKC activity, or with sphingosine, which inhibits PKC activity, reduced retinal ganglion cell arbor size without desegregating stripes. These agents moderately reduced resting phosphorylation levels of three proteins in tecta, suggesting inhibition of kinases. These data imply that PKC is not involved in tectal stripe desegregation and therefore that Time in reeondr Figure 7 . Time course of NARPP phosphorylation by Glut + NMDA application. Tecta weie stimulated for various lengths of time, and NARPPs were detected by autoradiography of the resulting twodimensional gels. Densitometric measurement of NARPP-21 (open square with black dot), NARPP-45 (filled diamond), and NARPP-50 (filled square with white dot) phosphorylation was then performed. There was an initial reduction in NARPP phosphorylation at 10 set of stimulation followed by a maximum at 30 set of stimulation. At 1 min of stimulation, NARPP phosphorylation levels had returned to baseline or below. All gels for a given experiment were run in parallel and exposed to the same film. Equal amounts of radioactive protein were loaded on each gel. The results presented here are representative of three independent determinations for each time point.
NARPP-21 and -50, both PKC substrates, are not critical to retinotectal synapse stabilization. Although this interpretation is possible, it is important to note two points. First, as emphasized above, NARPP phosphorylation after acute NMDA receptor stimulation involves combined effects of dephosphorylation and phosphorylation. As suggested by Cline and Constantine-Paton (1990), chronic application of kinase inhibitors could initiate compensatory mechanisms to maintain some critical level of NARPP-21 and -50 phosphorylation, even during PKC inhibition. Second, our results do not indicate whether PKC is responsible for the net increase in NARPP-21 and -50 phosphorylation caused by NMDA receptor activation. Knowledge of the amino acid sequence of NARPP-21 and -50 and identification of other kinases capable of phosphorylating these proteins could resolve this issue.
We tried to examine the calcium dependence of NARPP phosphorylation using extracellular Ca '+ chelators, but this resulted in decreased viability of the preparation. Instead we used dantrolene, which inhibits release of calcium from IP,-sensitive intracellular stores in neurons (Belhage et al., 1992) . Surprisingly, this treatment eliminated NARPP phosphorylation, which suggests that it is regulated by additive effects of NMDA receptor activation and release of calcium from IP,-sensitive calcium stores. The nature of this interaction is unclear but may involve calciumdependent calcium release (Belhage et al., 1992) .
We took advantage of two observations to determine whether any NARPP was located in the postsynaptic density. First, ATP does not readily cross cell membranes, and second, in unlysed synaptosomes, the postsynaptic density is exposed to the incubation solution (Dunkely and Robinson, 1986) . By phosphorylating unlysed synaptosomes with [-Y-~'P]ATP, we detected NARPP50. This finding suggests that NARPP-50 is located in the postsynaptic density, which places this protein near the plasticity-related calcium influx. The nuclear fraction location of NARPP-21 is also interesting.
We and others have hypothesized that activation of NMDA receptors early in development affects subsequent expression of NMDA receptor subunits (Audinat et al., 1994; Bessho et al., 1994; Hofer et al., 1994; Scheetz and Constantine-Paton, 1994; Hofer and Constantine-Paton, 1994) . For, this to occur, neurons with NMDA receptors must be able to signal recent NMDA receptor activation to the nucleus. In addition, long-term changes . The effect of Glut + NMDA application on NARPP phosphorylation in mature frog tectum. A shows the result of Glut + NMDA application on NARPP phosphorylation in an adult frog tectum (n = 2), in which synaptic rearrangement is greatly reduced compared with tadpole tecta. Arrows point to NARPP-21 and -50, both of which are responsive to Glut + NMDA application. No other NARPPs seem to be phosphorylated in this tissue. B shows the effect of a 30 set stimulation with 10 pM glutamate alone (n = 2). The arrows point to where NARPP-21 and -50 should be. Of the previously detected NARPPs, only NARPP-21 is phosphorylated with this stimulation in adult tecta.
in synaptic function involve changes in transcription of several nonreceptor proteins (Thomas et al., 1994; Worley et al., 1994) . NARPP-21 is a candidate component of these signaling processes.
The compound t-ACPD preferentially activates metabotropic glutamate receptors that inhibit forskolin-stimulated CAMP formation (for review, see Hollman and Heinemann, 1994) , but at the concentration used here, this agonist may also activate IP,-coupled metabotropic receptors (Zirpel et al., 1995) . How both Glut + NMDA application and t-ACPD application increase NARPP-21 phosphorylation is unclear. Perhaps inhibition of CAMP formation activates the same kinases that phosphorylate NARPP-21 after Glut + NMDA application. Alternatively, NARPP-21 could be phosphorylated by different kinases activated by different receptors. One hundred micromolar t-ACPD is a very high concentration; under physiological conditions in the tadpole tectum, activation of both metabotropic and NMDA receptors may be required to increase NARPP-21 phosphorylation. In mature tecta, however, 10 pM glutamate stimulation alone produces significant NARPP-21 phosphorylation. Perhaps in adulthood, when NMDA receptor-mediated synapse stabilization is reduced, a metabotropic glutamate receptor subtype is predominantly responsible for increasing phosphorylation of this potential nuclear signaling protein.
The identities of the NARPPs are not yet determined. Twodimensional gel Western blotting with antibodies to synapsin 2, syntaxin, ERKs 1, 2, and 3, Mek 1 and 2, neurofilaments, CaM kinase II cx and /3 subunits, and Ras were all negative. Also, GTP overlay assays show that the NARPPs are not among the class of small GTP-binding proteins that this assay detects (Huber et al., 1994) . Moreover, the inability of the major calcium-dependent kinases to phosphorylate NARPP-90, -45, and -10 may mean that more selective kinases are responsible for phosphorylation of some NARPPs. Thus, we may have detected a novel NMDA receptor-linked signal transduction pathway. In this case, further characterization of NARPPs could identify key elements in the second messenger systems involved in NMDA receptordependent synaptic plasticity.
